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The magnetic structure of the intermetallic compound EuGa4 was investigated using single-crystal neutron diffraction
with the time-of-flight (TOF) Laue technique on the new diffractometer SENJU at MLF of J-PARC. In spite of high
neutron absorption of Eu, a vast number of diffraction spots were observed without isotope enrichment. The magnetic
reflections were appeared at the positions with the diffraction indices of h + k + l,2n below 16 K, indicating that the
ordering vector is q=(0 0 0). Continuous evolution of magnetic reflection intensity below TN follows a squared Brillouin
function for S=7/2. By adopting a wavelength-dependent absorption collection, the magnetic structure of EuGa4 was
revealed that a nearly full magnetic moment of 6.4 µB of Eu lies within the basal plane of the lattice. The present
study reveals a well-localized divalent Eu magnetism in EuGa4 and demonstrates a high ability of SENJU to investigate
materials with high neutron absorption.
1. Introduction
Multiple degrees of freedom of electrons, spin, orbital
and charge, and their interplay have a fundamental role on
physical properties of materials. In rare-earth compounds, f -
electrons generally have trivalent states and are well local-
ized as valence electrons. Valence instability is seen in the
both edge and middle of lanthanide series, namely, Ce, Sm,
Eu and Yb intermetallic compounds. This instability can be
tuned by external parameters, such as temperature, pressure
and magnetic field. In Eu compounds, a valence transition
was discovered in EuPd2Si2 with the tetragonal ThCr2Si2-
type structure in which the divalent state changed into the
trivalent state at the first order transition at 150 K upon cool-
ing.1 Valence instability and heavy-electron state are reported
in other member of isostructural EuT2X2 as well.2–9 Mag-
netism of Eu ions has strong and unique dependence on its
valence state; a nonmagnetic state with a finite orbital mo-
mentum becomes a ground state in a trivalent case, whereas
divalent Eu ions carry large spin moment without orbital con-
tribution, J=S=7/2. Therefore EuT2X2 can be expected to ex-
hibit emergent phenomena which stems from mutual interplay
among valence, spin and orbital degrees of freedom.
Intermetallic compound EuGa4 which has the BaAl4-type
crystal structure with the I4/mmm symmetry10 can be re-
garded as one of the parent variant of EuT2X2 in which both
T and X at the 4d and the 4e sites respectively are occupied
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by Ga. The crystal structure of EuGa4 is shown in Fig.1. Re-
cently, high quality single crystals of EuGa4 and related com-
pounds have been successfully grown. Extensive studies re-
vealed that Eu ions in EuGa4 have a stable divalent state and
hence carry magnetism. These crystals and the divalent state
Fig. 1. Crystal structure of EuGa4. The antiferromagnetic structure below
TN obtained by the present work is also described.
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is ideal to study fundamental magnetic properties of materi-
als under this particular crystal structure. EuGa4 undergoes
a second-order antiferromagnetic transition at TN=16 K.11
Antiferromagnetic nature of the transition is identified as a
kink in the magnetic susceptibility of the in-plane component,
while the c-axis component becomes constant below TN. This
behavior is characteristic to a mean-field type antiferromagnet
with the ordered moment within the basal plane of the tetrag-
onal lattice. Validity of the mean-field model with S=7/2 is
found in other magnetic properties such as isotropic behav-
ior of the paramagnetic susceptibility, and high consistency
between the theoretical magnetic phase diagram and the ex-
perimental one.
In order to understand microscopic magnetic properties of
the material, the knowledge on the magnetic structure is in-
dispensable. In general, neutron diffraction is known as the
powerful probe to investigate magnetic structures. However,
limited numbers of neutron scattering studies have been made
on Eu compounds because Eu is known as a strong neutron
absorber. One approach to reduce the absorption effect is iso-
tope enrichment, but this is not easy for Eu due to expensive-
ness as well as limited availability, in particular in a metal-
lic form. Another way to confront this difficulty is to choose
the wavelength range of neutron that have relatively small ab-
sorption cross section for Eu. Neutron absorption cross sec-
tions generally obeys a 1/v law where v is a neutron velocity,
in inverse proportional to wavelength λ. For example, the ab-
sorption cross section of 4500 barns at 1.8 Å for natural Eu
is suppressed to 880 barns at 0.8 Å, which significantly helps
to improve feasibility of neutron diffraction experiments. Be-
sides, natural Eu shows large absorption for the neutron with
the wavelength of around 0.4 Å due to resonance absorption.
In the time-of-flight (TOF) neutron diffraction experiment at
a pulsed neutron source, wide wavelength range neutrons are
available and the choice of the specific neutron wavelength
range which is suitable for the measurement is possible.
Recently, a single crystal TOF neutron diffractometer
SENJU has been built at Materials and Life Science Exper-
imental Facility (MLF) of Japan Proton Accelerator Research
Complex (J-PARC).12 On SENJU, availability of a wide neu-
tron wavelength range from 0.4 Å to 8.4 Å as well as a large
solid angle coverage of 2D position sensitive detectors helps
to perform efficient measurement.
In the present study, single crystal neutron diffraction mea-
surements on EuGa4 was carried out in order to reveal the
magnetic structure in the ground state.
2. Experimental and analyses
A single crystal of EuGa4 was grown by a Ga self-flux
method.11, 13 The isotopic abundance of Eu in the present sam-
ple is the natural one.
Neutron diffraction experiments were carried out on the
single crystal TOF neutron diffractometer SENJU.12 The
wavelength range of an incident neutron was selected to be
0.4 Å∼4.4 Å using the bandwidth choppers in the beam line.
The sample with the dimension of ∼3.0×1.6×0.3 mm3 was
glued to a vanadium rod and mounted to a fixed-χ two-axes
goniometer consists of two piezo rotators. The goniometer
was directly attached to a cold finger of a closed-cycle He
refrigerator, which can be cooled down to 4.5 K. To cover
wider area of reciprocal space, the diffraction intensities were
measured at several sets of crystal orientation defined by the
two rotators. For structural analysis, intensity data were col-
lected at 2 orientations for 3 hours at 30 K (above TN), and 4
orientations for 4.5 hours at 4.5 K (below TN). The order pa-
rameter was measured for an hour at each temperature and at
a fixed orientation from 20 K down to 4.5 K. The accelerator
power of J-PARC was around 290 kW. Data reductions and
the visualization of the diffraction intensity distributions were
performed using the software STARGazer.14
For quantitative analyses, an absorption correction was
adopted using the program DABEXN. Since the software is
made for monochromatic data and does not support the cor-
rection for pulsed neutron diffraction data, a supplementary
Python script was used. The wavelength-dependent cross sec-
tion required for the correction was obtained from the Ex-
perimental Nuclear Reaction Data (EXFOR).15 A shape of
the sample crystal was approximated by a rectangular paral-
lelepiped. Least square structure refinements were performed
using the software JANA2006.16
3. Results and Discussions
A sufficient number of Bragg reflections were observed in
the measurement. The neutron diffraction intensity distribu-
tions on the (h0l) and the (hk0) reciprocal lattice planes at
30 K and 4.5 K are shown in Fig.2. The lattice parameters
were obtained at a = b =4.3889(4) Å and c =10.6479(5) Å
for 30 K, and a = b =4.3795(3) Å and c =10.6302(7) Å
for 4.5 K, respectively, which are comparable to the reported
values.10, 11 At 30 K above TN, nuclear Bragg spots were ob-
served under the condition of h + k + l=2n (n: integer), which
follows the extinction rule of I4/mmm symmetry. In the anti-
ferromagnetic state at 4.5 K below TN, superlattice reflections
were observed at the positions of h + k + l,2n. The intensi-
ties of the superlattice reflections decreased as the momen-
tum transfer Q increases, being indicative of their magnetic
origin. The integer diffraction indices hkl of the magnetic re-
flections reveals that the antiferromagnetic structure of EuGa4
is described with the propagation vector q=(0 0 0) below TN.
Further, the violation of the extinction condition means body-
centered translation was broken in the magnetic structure of
EuGa4.
Figure 3(a) shows the temperature dependences of the
diffraction profile of the 012 reflection. The superlattice re-
flection continuously develops as the temperature decreases
below TN. The temperature evolution of the integrated inten-
sities for several superlattice reflections is plotted in Fig. 3(b),
which are normalized by the intensity at 4.5 K. The temper-
ature variations of each integrated intensity are identical to
each other. Since the Q-vectors of each reflection are differ-
ent, a continuous evolution of the magnetic ordering without
reorientation of the magnetic moment is suggested below TN.
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Fig. 2. Neutron diffraction intensities of EuGa4 on the (hk0) and the (h0l) reciprocal lattice planes at 30 K ((a) and (b)), and 4 K ((c) and (d)). The ring-like
intensities correspond to the powder lines from aluminum in the radiation shields of the cryostat.
In the same figure, the internal magnetic field measured at the
71Ga site and the scaled Brillouin function for S=7/2 taken
from ref. 17 are displayed in the right axis in squared form,
compare with the neutron intensity proportional to µ2.17 A re-
markable agreement of the temperature dependence is seen
in quantities obtained from the independent measurements.
This clearly demonstrates that the magnetic transition at TN
in EuGa4 has a mean-field type second-order nature.
Hereafter, we describe a quantitative part of the analy-
sis. At first, the crystal structure refinement was performed
for the data recorded at 30 K. In the following analyses,
the intensity data corresponding to the wavelength range be-
tween 0.5∼2.0 Å are used because of the relatively smooth,
and reduced absorption cross section of Eu where σa <
∼5000 barns, and to avoid resonance absorption. Based on
the reported crystal structure, 7 parameters that consists of
the fractional coordinate z for Ga2 at the 4e site, isotropic dis-
placement parameters for each element, the scale factors for
two crystal orientation data sets and the extinction parame-
ter, were refined using 312 independent reflections out of 770
reflections which satisfy I > 5σI where σI corresponds to
an experimental error for each reflection. The observed struc-
ture factors (Fobs) are plotted against the calculated ones (Fcal)
for 30 K in Fig. 4. The refined structural parameters listed
in Table I are agree with the previous ones, with the reason-
able reliable factors of R=12.7 % and wR=16.0 %. This result
confirms the validity of the present absorption correction and
therefore the same corrections are applied for the subsequent
analyses for low temperature data.
The simultaneous crystal and magnetic structure analyses
were performed for the intensities measured at 4.5 K. Con-
cerning the magnetic structure, the magnetic structure model
is assumed as in Fig. 1 for the following reasons; (i) The ob-
served propagation vector of q = (0 0 0) indicates that mag-
netic moments at the corner and the body-center positions
are antiparallel. (ii) Magnetization measurements implies that
the moment lies within the basal ab-plane, maybe along the
〈1 0 0〉 direction and forms domains. The magnetic form fac-
tor of Eu was assumed to be Eu2+〈 j0〉 in the refinement.
Including two additional parameters, the amplitude of the
moment and the twin fraction, for this magnetic structure,
9 parameters in total were refined using 1050 nuclear and
199 magnetic reflections. The satisfactory reliable factors of
R=12.4 % and wR= 17.5 % comparable to those for 30 K were
reached. The refined parameters are listed in table II. The de-
duced magnetic moment of Eu at 4.5 K of 6.4(2) µB, is close
to that of Eu2+ of 7 µB. The refined twin fractions of 0.54(6) :
0.46(6) indicating the equal domain population within the er-
ror is reasonable. Validity of the magnetic form factor f (Q) of
Eu2+ is examined by the transformation of the intensity data
Imag using a following equation,
µ f (Q) ∝ (Imag(hkl)/L(θ))1/2/(S hkl⊥ |Fmag(hkl)|) (1)
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Fig. 3. (a) The peak profile of the 012 reflection around and below TN,
and (b) the temperature dependence of the integrated intensity of magnetic
superlattice reflections. A square of the internal field at Ga site17 are plotted
as a function of temperature in the same figure. The line in this figure is a
squared Brillouin function for S=7/2.
0 20 40 60 80
0
20
40
60
80
 
 
 Nuclear, 1050 reflections
 Magnetic, 199 reflections
R = 12.4 %, wR = 17.5 %
F o
bs
Fcal
0 20 40 60 80
0
20
40
60
80
 
 
770 Reflections
R = 12.7 %, wR = 16.0 %
F o
bs
Fcal
(b)(a)
Fig. 4. The observed and the calculated structure factors of EuGa4 (a) at
30 K and (b) at 4.5 K.
where L(θ) and Fmag are the Lorentz and the magnetic struc-
ture factors, and S hkl⊥ is the magnetic interaction vector, which
reflects that neutron scattering observes only magnetic mo-
Table I. Refined structural parameters of EuGa4 at 30 K.
Atom Wyckoff x y z Uiso
Eu 2a 0 0 0 0.0022(2)
Ga1 4d 0 1/2 1/4 0.0006(2)
Ga2 4e 0 0 0.3838(1) 0.0002(2)
Table II. Refined structural parameters of EuGa4 at 4.5 K.
Atom Wyckoff x y z Uiso M(µB)
Eu 2a 0 0 0 0.0016(3) 6.4(2)
Ga1 4d 0 1/2 1/4 0.0002(2)
Ga2 4e 0 0 0.3836(1) 0.0003(2)
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Fig. 5. sinθ/λ dependence of the magnetic form factor of Eu in EuGa4 at
4.5 K. The points represent measured values, and the line represent calculated
curve based on the equation and the parameters in ref.,18 and the magnetic
moment of Eu = 6.4 µB obtained from the present analysis.
ment components perpendicular to the momentum transfer
Q. Figure 5 shows the derived product of µ f (Q) of Eu as a
function of sin θ/λ. The experimentally observed values well
coincide with the calculated ones based only on j0 for Eu2+
with µ=6.4(2) µB, which also confirms a divalent S=7/2 mag-
netism in EuGa4. While a better agreement between the exper-
imental data and the calculation is obtained in sin θ/λ > 0.35,
a discrepancy is prominent in lower momentum transfer. Be-
cause of these data were measured with longer wavelength
neutron and therefore strongly affected by the absorption cor-
rection.
The present neutron diffraction experiment successfully re-
vealed the antiferromagnetic structure of EuGa4 below TN. A
remarkable agreement in the evolution of the order param-
eter among independent measurements, neutron diffraction,
NMR together with Mo¨ssbauer spectroscopy19 which follows
the Brillouin function for S=7/2 was observed. Furthermore,
the obtained magnetic form factor of Eu2+ and the isotropic
magnetic phase diagram confirm the spin only magnetism
with S=7/2. Namely, these experimental data demonstrates
4
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that EuGa4 is an ideal mean-field type antiferromagnet with
the stable divalent Eu ion.
Whereas the magnetic structure was revealed in the sam-
ple without isotope enrichment, the quantitative agreement is
moderate. A large discrepancy is seen, in particular, at the low
momentum transfer in Fig. 5 where an effect of absorption
correction is enormous due to longer wavelength. In order to
achieve better reliable factor, accurate information on a sam-
ple shape should be crucial, since the attenuation length, with
which the incident neutron flux is reduced to 1/e, is of the
order of a few tenth of micrometer for Eu. A dedicated equip-
ment is necessary for this aim. The accuracy in the energy
dependent absorption cross section is required as well.
On the other hand, this work demonstrates that the TOF
neutron diffraction experiment on SENJU can serve as a pow-
erful tool to determine magnetic propagation vectors of Eu
compounds without isotope enrichment. Due to the strong
absorption, a small single crystal with the 1 mm3 in size is
sufficient for this type of experiment. A complementary use
of microscopic probes, such as neutron scattering, NMR and
Mo¨ssbauer enables us to gain quantitative insights into mag-
netic ordering. We plan to extend our neutron scattering study
on Eu compounds for intermediate valence systems as well as
to apply inelastic spectroscopy by taking advantage of recent
progress on both neutron source and instrumentation.
4. Summary
The magnetic structure of EuGa4 was investigated by
means of TOF neutron diffraction without isotope enrich-
ment for Eu. The magnetic structure is characterized with
q=(0 0 0) where the magnetic moments lie within the basal
ab-plane. The crystal and magnetic structural analyses with
the energy dependent absorption correction works satisfac-
tory, which gives a reasonable size of Eu moment of 6.4 µB
at 4.5 K. The present study reveals a well-localized divalent
Eu magnetism in EuGa4 and demonstrates effectiveness of
SENJU to study materials with strong neutron absorption.
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